The nasal septal cartilage is thought to be a key growth center that contributes to nasofacial skeletal development. Despite the developmental influence of the nasal septum however, humans often exhibit a high frequency of septal deviation suggesting discordance in the growth between the septum and surrounding nasofacial skeleton. While there are numerous etiological factors that contribute to septal deviation, the surrounding nasofacial skeleton may also act to constrain the septum, resulting in altered patterns of growth. That is, while the nasal septum has a direct morphogenetic influence on aspects of the nasofacial skeleton, other nasofacial skeletal components may restrict septal growth resulting in deviation. Detailing the developmental relationship between these structures is important not only for understanding the causal determinants of nasal septal deviation, but also for developing a broader understanding of the complex interaction between the facial skeleton and chondrocranium. We selected 66 non-syndromic subjects from the University of Minnesota Orthodontic Clinic who ranged from 7 to 18 years in age and had an existing pretreatment cone-beam computed tomography (CBCT) scan. Using CBCT data, we examined the developmental relationship between nasal septal deviation and the surrounding nasofacial skeleton. We measured septal deviation as a percentage of septal volume relative to a modeled non-deviated septum. We then collected a series of coordinate landmark data in the region immediately surrounding the nasal septum in the midsagittal plane representing the nasofacial skeleton. First, we examined ontogenetic changes in the magnitude of nasal septal deviation relative to chronological age and nasofacial size. Next, using Procrustesbased geometric morphometric techniques, we assessed the morphological relationship between nasal septal deviation and nasofacial skeletal shape. Our results indicate that variation in the magnitude of nasal septal deviation was established in our earliest age group and maintained throughout ontogeny. Moreover, nasal septal deviation was correlated with non-allometric variation in nasofacial shape restricted to the region of the anterior sphenoid body. Ultimately, our results suggest that early developmental variation in midline basicranial components may act to alter or constrain patterns of nasal septal growth.
Introduction
As the anterior component of the chondrocranium, the nasal septal cartilage is thought to act as a key growth center influencing the development of the nasofacial skeleton (Scott, 1953; Wexler & Sarnat, 1961; Latham, 1970; Siegel et al. 1990; Wealthall & Herring, 2006; Holton et al. 2011; Hall & Precious, 2013; Hartman et al. 2016) . During ontogeny, the expanding septum exerts a mechanical force on surrounding skeletal tissues, inducing a morphogenetic response at key sutural growth sites (e.g. Copray, 1986; Al Dayeh et al. 2013) . While the influence of the nasal septum on facial skeletal growth has been demonstrated primarily in long-snouted animal models, there is evidence that the septum also has a significant influence on the development of the human facial skeleton (Pirsig, 1984 (Pirsig, , 1992 Precious et al. 1988; Verwoerd & Verwoerd-Verhoef, 2010; Holton et al. 2012; Hall & Precious, 2013; Hartman et al. 2016) .
Interestingly, normal midline growth of the nasal septum is often disturbed in humans, resulting in a high frequency of septal deviation (e.g. Gray, 1978; Takahashi, 1987; Haapaniemi et al. 1995; Subari c & Mladina 2002; Holton et al. 2012 ). As such, the nasal septum can become displaced from the midsagittal plane, resulting in a buckling of the cartilaginous and/or osseous septal components. Given the developmental influence of the nasal septum as a facial growth center, deviated septal growth appears to have significant consequences for skeletal development. For example, deviation of the expanding nasal septum is associated with asymmetrical development of the palatal, nasal, and lateral regions of the facial skeleton (Gray & Brogan, 1972; Gray, 1983; Kim et al. 2011; Reitzen et al. 2011; Hartman et al. 2016) . Moreover, septal deviation has an indirect influence on lower facial skeletal development resulting from altered patterns of respiratory function, which subsequently affects the growth of the upper and lower jaws (e.g. Freng et al. 1988; Vig, 1998; D'Ascanio et al. 2010) .
Various factors are known to contribute to deviated septal growth, including midfacial trauma, craniofacial anomalies (e.g. cleft lip and palate), and septal abscesses (Gray, 1978; Gray et al. 1982; Grymer et al. 1991; Pirsig, 1992; Verwoerd & Verwoerd-Verhoef, 2010; Hall & Precious, 2013) . More benign influences, such as the variation in the size of the nasal septum and the morphological relationship among different septal components, have also been shown to contribute to variation in septal deviation (Holton et al. 2012; Kim et al. 2012) . In many cases, however, it is likely that septal deviation results from developmental constraints imposed by the surrounding nasofacial skeleton on the expanding septal cartilage. This is particularly evident when examining patterns of covariation between facial skeletal form and the nasal septum across mammals. Comparative studies have shown that nasal septal deviation is rare among long-snouted mammals and is more common in mammals with shorter faces (Gray, 1978; Takahashi, 1987) . Thus, while the nasal septum has a direct morphogenetic influence on aspects of the nasofacial skeleton (e.g. Wexler & Sarnat, 1961; Latham, 1970; Siegel et al. 1990; Al Dayeh et al. 2013) , other components of the nasofacial skeleton may act to constrain septal development, resulting in a deviated pattern of growth. Importantly, the patterns documented across the wide range of mammalian facial variation suggest that humans, by virtue of having small orthognathic faces, may be predisposed to a pattern of discordant growth between the septum and surrounding facial skeleton.
As in broader mammalian comparisons, nasofacial constraints on septal growth likely contribute to variation in septal deviation in narrower within-human comparisons. Population variation in nasal septal deviation in Europeanand African-derived samples, for example, is correlated with anterior-posterior nasofacial dimensions such that a more retrognathic nasomaxillary region is associated with a greater magnitude of septal deviation (Holton et al. 2012) . The vertical dimensions of the facial skeleton also play a role, as evidenced by Mays (2012) , who found that nasal septal deviation in a sample of medieval crania from England was more pronounced in subjects with reduced facial height dimensions. Similarly, subjects with deviated septa in clinical settings have been characterized as exhibiting a reduction in nasal cavity size (i.e. reduced vertical and sagittal dimensions) when compared with non-deviated subjects (Freng et al. 1988) . Ultimately, these patterns mirror experimental reduction of the length of the nasofacial skeleton via surgical intervention, restricting normal midline septal growth and thereby inducing septal deviation (R€ onning & Kantomaa, 1985) .
The potential influence of skeletal constraints on nasal septal growth underscores the complex interaction between the facial skeleton and the chondrocranium. While basicranial derivatives of the chondrocranium cease growing early in craniofacial ontogeny, thus establishing developmental constraints on the facial skeleton (e.g. Enlow, 1990; Lieberman et al. 2000; Bastir et al. 2006) , endochondral ossification and interstitial cartilage growth of the nasal septum continue well into adulthood (Vetter et al. 1984a,b; Van Loosen et al. 1996) . As a result, there is potential for prolonged developmental interaction between the nasal septum and surrounding nasofacial skeleton throughout ontogeny. Detailing the nature of this interaction is informative not only with regard to understanding the nasal septal-facial skeletal interactions per se, but also contributes to a broader understanding of the nature of the developmental and morphological relationship between the facial skeleton and the chondrocranium. Indeed, numerous studies have detailed the developmental relationship between the facial skeleton and basicranial components of the chondrocranium in primates and other mammals (e.g. Lieberman et al. 2000 Lieberman et al. , 2008 Hallgr ımsson & Lieberman, 2008; Bastir et al. 2010; Parsons et al. 2015; Foster & Holton, 2016) . By comparison, the interaction between the nasal septum and the surrounding facial skeleton, particularly in humans, is not as well understood.
To develop a more thorough understanding of the relationship between the nasal septum and nasofacial skeleton, and the degree to which the immediately surrounding skeletal elements may act to constrain the growth of the septum, it is necessary to examine patterns of morphological covariation during ontogeny. Whereas previous studies have examined developmental variation in the frequency of septal deviation (e.g. Gray, 1978; Gray et al. 1982; Kent et al. 1988; Haapaniemi et al. 1995; Subari c and Mladina, 2002; Yildirim & Okur, 2003) , as well as the effects of deviation on aberrant patterns of facial growth (e.g. Hall & Precious, 2013; Hartman et al. 2016) , there have been no ontogenetic studies detailing the precise morphological interaction between the septum and surrounding nasofacial skeleton. To address this gap in our understanding, we assessed the relationship between the nasal septum and nasofacial skeleton using cone-beam computed tomography (CBCT) data from a cross-sectional sample of human subjects ranging in age from 7 to 18 years. Our first objective was to assess ontogenetic patterns of nasal septal deviation in order to determine whether variation in septal deviation is established at an early age, or whether there is a tendency for deviation to increase during ontogeny. Although septal deviation can appear during prenatal and early postnatal development (Gray et al. 1982; Alpini et al. 1986; Gray, 1978; Takahashi, 1987; Kent et al. 1988) , there is evidence that the frequency of septal deviation increases with age (e.g. Takahashi, 1987; Subari c & Mladina, 2002; Yildirim & Okur, 2003) , suggesting an increasing disparity in septal and nasofacial growth during development. Thus, it is unclear whether potential constraints on nasal septal growth are established early in ontogeny or appear as the result of discrepant growth between cartilaginous and skeletal components of the nasofacial region through later phases of ontogeny.
Our second objective was to examine the morphological relationship between the nasal septum and ontogenetic variation in nasofacial skeletal shape using geometric morphometric techniques. In particular, we assessed whether there is a correlation between nasal septal deviation and the shape of the midline nasofacial region surrounding the septum, which may be indicative of morphological constraints on nasal septal development. Further, we assessed whether septal deviation is associated with allometric patterns of shape variation, or whether the morphological relationship between septal deviation and nasofacial shape is independent of allometry.
Materials and methods
Research protocols, including the use of preexisting orthodontic patient CBCT scans, were approved by the University of Minnesota Institutional Review Board (Study Protocol #1410M54305). A total of 34 male and 32 female patients of European descent (n = 66 total; Table 1 ) who received CBCT scans for orthodontic treatment purposes at the University of Minnesota Orthodontic Clinic were included in this retrospective study. Subjects ranged from 7 to 18 years of age and were selected only if they were non-syndromic (i.e. were being seen only for the treatment of skeletal or dental malocclusion), and had an existing pretreatment CBCT scan. All CBCT scans were full field-of-view (17 9 23 cm) and were acquired using a Next Generation iCAT cone beam imaging system (Imaging Sciences International, Hatfield, PA, USA) at 120 kV and 18.54 mAs with a pulsed scan time of 8.9 s. Scan data were reconstructed with a voxel size of 0.3 mm 3 . Individual subjects were excluded from the study if they had been diagnosed with craniofacial anomalies (e.g. cleft lip/palate) or were undergoing surgical or simultaneous craniofacial treatments. All subjects were grouped by age in 2-year intervals (e.g. 7-8, 9-10) in order to increase the number of individuals within each age group (i.e. minimum of n = 10), while allowing us to maintain approximately equal numbers of males and females. While it would be desirable to include subjects from younger age groups, orthodontic patients younger than 7 years of age who presented without craniofacial anomalies were not available in sufficient numbers.
We do note that the use of an orthodontic sample with malocclusion, rather than a random sample of individuals of European descent, may influence the results of our analysis. Malocclusion, however, can occur in very high frequencies, with the majority of individuals across various populations exhibiting some degree of malocclusion (as high as 90% in European populations; see Thilander et al. 2001 and references therein) . In this regard, our orthodontic sample is unlikely to differ too dramatically from a randomly selected sample of non-orthodontic patients.
Rather than relying on qualitative or two-dimensional quantitative approaches to measuring septal deviation used elsewhere (Gray, 1978; Gray et al. 1982; Takahashi, 1987; Subari c & Mladina, 2002; Yildirim & Okur, 2003; Hafezi et al. 2010; Kim et al. 2011; Akbay et al. 2013) , we utilized a quantitative three-dimensional approach that takes into account the morphology of the entire nasal septum (Holton et al. 2012; Foster & Holton, 2016; Hartman et al. 2016) . This allows for a more accurate characterization of nasal septal morphology, including the magnitude of septal deviation, and thus allows for a more detailed assessment of the interaction between the nasal septum and surrounding nasofacial skeleton.
We calculated the magnitude of nasal septal deviation by first manually segmenting the nasal septum as a volume (mm 3 ) from the anterior-most extent of the nasal septal cartilage to the posterior aspect of the vomer using coronal CBCT slices (Fig. 1A,C) . Next, we segmented a straight midline volume (mm 3 ) following the space directly between the superior and inferior attachment sites of the nasal septum as shown in Fig. 1B as a model for a non-deviated septum. Due to the vasoreactive properties of the mucosa overlying the nasal septum (e.g. in the region of the septal body) the thickness of the nasal septum likely expands and contracts in a manner similar to the nasal turbinates (Wexler et al. 2006) . Given that we were unable to control for the mitigating effects of mucosal thickness on our volumetric measurements, both the nasal septum and the non-deviated model were segmented using a constant thickness of 1.0 mm.
Examples of in situ reconstructed volumes for the nasal septum and non-deviated model are shown in Fig. 2 . Nasal septal deviation was then calculated for each individual as a percentage of the nasal septal volume relative to the non-deviated modeled septal volume [(nasal septal volume/non-deviated model volume) 9 100]. Thus, a straight, non-deviated septum would have a value of 100% (i.e. septal volume and non-deviated modeled volume are equal) and values greater than 100% indicate septal deviation (i.e. the higher the value, the greater the magnitude of deviation). An example of the discrepancy between a deviated nasal septum and corresponding non-deviated model is illustrated in Fig. 2C . Nasal septal and non-deviated modeled volumes were segmented using OsiriX DICOM imaging software (Rosset & Spadola Ratib, 2004) . Midline nasofacial morphology surrounding the nasal septum was quantified using a series of two-dimensional coordinate landmarks. Given that our objective was to determine whether there are localized spatial constraints on nasal septal growth, we selected landmarks that represent the borders of midline external and internal nasofacial region (Fig. 3) . All coordinate landmark data were collected using Dolphin Imaging software (Version 11.8; Patterson Dental, St. Paul, MN, USA).
All measurements were made by a single operator and repeated for 13 randomly chosen subjects (i.e. 20% of the sample) to assess intra-examiner reliability. We tested for reliability in our volumetric data by first calculating the percentage difference between the two observations, and then examining the strength of the relationship between the first and second observations using interclass correlation coefficients. With regard to our coordinate landmark data, we calculated the millimetric distance between homologous landmarks from the first and second observations (e.g. distance between nasion collected from the first observation, and nasion collected from the second observation). Smaller distance values between the two observations indicate greater reliability.
To examine ontogenetic variation in nasal septal deviation we first examined the magnitude of deviation across age groups. This included examining within-age group distributions and descriptive statistics for septal deviation to determine whether we could identify an ontogenetic trend, i.e. an increase in deviation magnitude with age. Next, we assessed the ontogenetic relationship between nasal septal volume and non-deviated modeled volume, i.e. the measurements used to calculate nasal septal deviation. If the magnitude of nasal septal deviation increased with age, then we would predict a greater disparity in between nasal septal volume and nondeviated modeled volume in the older age groups. We tested for significant differences between nasal septal volume and nondeviated modeled volume using non-parametric Wilcoxon signedrank tests.
Next, we examined whether there was a correlation between septal deviation and the size of the nasofacial region. The use of nasofacial size (vs. other size measurements) is particularly appropriate given that our objective is to examine whether the morphology of the midline nasofacial region locally constrains the growth of the nasal septum. Specifically, we examined whether an ontogenetic Fig. 1 To quantify nasal septal deviation, we manually segmented the nasal septum in the coronal plane (A) along the length of the septum (C). We then manually segmented a non-deviated septal model (B) following the borders of the nasal septum (C). Fig. 2 Examples of three-dimensional reconstructions of a nasal septum (green) and a non-deviated septal model (blue) in situ. The top one-third of the skull has been cropped to aid in the visualization of the septal reconstructions. Deviation is visible in the reconstructed nasal septum (A), whereas the reconstruction in (B) follows the borders of the nasal septum but is non-deviated. The difference between the deviated and nondeviated models is illustrated in (C). Note that for illustrative purposes, reconstructions are thicker than 1.0 mm. increase in nasofacial size corresponded to a concomitant increase in the magnitude of nasal septal deviation. To test this, we measured nasofacial size as the centroid size (mm) of the coordinate landmarks shown in Fig. 3 . Given that the spatial position of pronasale (i.e. anterior aspect of the nasal septal cartilage) is influenced solely by nasal septal growth, we excluded this landmark from the nasofacial centroid size measure.
We further examined the relationship between septal deviation and nasofacial size by regressing log-transformed cube root values of nasal septal and non-deviated modeled volumes against logtransformed nasofacial centroid size using reduced major axis (RMA) regression. Variation in the regression slopes was examined to determine whether septal volume and the non-deviated modeled volume exhibited differences in slope values relative to nasal cavity centroid size. If the magnitude of nasal septal deviation increased during growth and development, then nasal septal volume should scale with greater positive allometry (i.e. should have a greater slope) when compared with non-deviated modeled septal volume. Using analysis of covariance (ANCOVA), we tested for significant differences in scaling using least-squares (LS) regression slopes and y-intercepts.
Finally, we examined whether there was a morphological relationship between nasal septal deviation and the shape of the nasofacial region surrounding the nasal septum during growth and development using geometric morphometric techniques. We superimposed the individual nasofacial landmark configurations using Procrustes analysis. Next, we used multivariate regression to examine the correlation between the Procrustes scaled landmark configurations (dependent variables) and centroid size calculated for all landmarks including pronasale (independent variable) to examine the allometric component of shape variation in the sample (i.e. the component of shape that varies with centroid size). We then conducted a multivariate regression analysis to assess the relationship between the Procrustes scaled landmark configurations (dependent variables) and the magnitude of nasal septal deviation (independent variable) to determine: (i) whether there was a significant correlation between septal deviation and the shape of the nasal region; and (ii) whether the pattern of correlated shape variation mirrored ontogenetic changes in the nasal region. If the pattern of covariation between nasal septal deviation and the shape of the nasal region corresponded to allometric shape changes in the nasal region, this would indicate that the magnitude of septal deviation is associated with ontogenetic changes in the shape of the nasal region. Alternatively, if nasal septal deviation is associated with shape changes that are not associated with nasal region ontogeny, this would suggest that the relationship between septal deviation and the nasal region varies independent of ontogeny (i.e. non-allometrically). All geometric morphometric analyses were conducted using MORPHOJ (Klingenberg, 2008 (Klingenberg, -2010 .
Results

Intra-examiner reliability
There was a high degree of intra-examiner reliability for all variables. With regard to septal volume and nondeviated modeled volume values, there was, on average, a 2.2 and 3.1% difference respectively between the first and second observations. Interclass correlation coefficient values were r = 0.99 (P < 0.001) for both septal volume and non-deviated modeled volumes. There was a similarly high reliability in coordinate landmark acquisition, as the Euclidian distance values between landmarks at the two observations collected ranged from 0.91 to 1.96 mm.
Ontogenetic variation in nasal septal deviation
There was no discernible pattern of nasal septal deviation across age groups. As evidenced from the descriptive statistics shown in Table 2 , the mean septal deviation values were largely the same from ages 7.0 to 17.0. A similarity in the distribution of deviation magnitude values across age groups is also evident from the box plots in Fig. 4A . Examples of deviated nasal septa across different age groups are depicted in the coronal CBCT slices in Fig. 5 . With regard to the individual volumetric measurements used to quantify the magnitude of nasal septal deviation, nasal septal volume was statistically significantly larger than non-deviated modeled volume across all age groups (P < 0.001; Fig. 4B ; Table 3 ).
There was no statistically significant correlation between nasofacial centroid size and nasal septal deviation (r = 0.06; Fig. 3 Landmarks used to quantify the size and shape of the nasofacial region in a midsagittal section of a cone beam computed tomography image. 1 = nasion; 2 = rhinion; 3 = pronasale; 4 = anterior nasal spine; 5 = posterior nasal spine; 6 = hormion; 7 = anterior-inferior sphenoid body; 8 = anterior-superior sphenoid body; 9 = anterior cranial base. Fig. 6A ). Furthermore, nasal septal volume and non-deviated modeled volume exhibited the same allometric relationship with regard to nasofacial centroid size (slope = 0.89 and 0.87, respectively). ANCOVA results indicate that there was no statistically significant difference in LS regression slopes for nasal septal volume and non-deviated modeled volume relative to nasofacial centroid size (P = 0.892). The RMA regression line for nasal septal volume, however, was transposed above the non-deviated modeled volume regression line (Fig. 6B) , and there was a statistically significant difference in LS y-intercept (P < 0.001). As such, for a given nasofacial centroid size, nasal septal volume was consistently larger than nondeviated modeled volume.
Septal deviation and nasofacial skeletal shape
Using multivariate regression analysis, we examined allometric shape changes in the nasofacial region (i.e. sizecorrelated shape variation). There was a statistically significant correlation between nasofacial centroid size values and Procrustes scaled landmarks (P = 0.004). As illustrated in Fig. 7 , an ontogenetic increase in nasofacial centroid size was associated with a relative increase in nasal projection as evidenced by an anterior displacement in pronasale (landmark #3). Further, there was an increase in nasal bridge elevation evidenced by a slight posterior displacement in nasion (landmark #1) and an anterior displacement in rhinion (landmark #2). Allometric changes were also evident in the anterior cranial base, which exhibited a relative reduction in anterior-posterior dimensions due to a posterior displacement of the anterior cranial base landmark (landmark #9). Our multivariate regression analysis also found a statistically significant correlation between the magnitude of deviation and the shape of the nasofacial region (P = 0.037). The correlated pattern of covariation, however, differed from the allometric pattern of shape covariation. As illustrated in Fig. 8 , nasal septal deviation was correlated with variation restricted to the anterior sphenoid body. As the magnitude of nasal septal deviation increased, there was an anterior displacement of the lower aspect of the anterior sphenoid body (landmark #7), resulting in an anterior rotation of this region. 
Discussion
The nasal septum is thought to act as a key growth center that contributes to nasofacial skeletal development (Scott, 1953; Wexler & Sarnat, 1961; Latham, 1970; Siegel et al. 1990; Wealthall & Herring, 2006; Holton et al. 2011; Hartman et al. 2016) . Despite the morphogenetic influence of the nasal septum, however, humans often exhibit a high frequency of septal deviation suggesting discordance in the growth between the septum and surrounding nasofacial skeleton. Although researchers have examined ontogenetic trends in the frequency of septal deviation (e.g. Gray, 1978; Gray et al. 1982; Kent et al. 1988; Haapaniemi et al. 1995; Subari c & Mladina, 2002; Yildirim & Okur, 2003) , we currently lack a detailed understanding of the ontogeny of septal deviation with regard to the developmental interaction between the septum and surrounding nasofacial skeleton. In the present morphometric study we assessed the developmental relationship between the nasal septum and nasofacial skeleton using cross-sectional CBCT scan data from age 7 to 18 years.
Our results indicate that, at least in the present sample, variation in the magnitude of nasal septal deviation is established by 7-8 years of age. With regard to chronological age, nasal septal volume was consistently larger than non-deviated modeled volume across all age comparisons. Moreover, the magnitude of nasal septal deviation remained relatively constant across age groups in our sample as there was little variation in mean septal deviation across age groups. Futhermore, there was considerable overlap in the distribution of deviation values. It is of note that there was greater variation in the magnitude of nasal septal deviation earlier in development and that the magnitude of deviation did decrease in the 9-year age group; however, this is likely a reflection of our cross-sectional sample composition.
The maintenance of septal deviation during development is further evidenced by the lack of a significant correlation between nasofacial centroid size and deviation magnitude. Additionally, our analysis of allometric scaling of septal variables relative to nasofacial centroid size indicated that septal volume was larger than non-deviated modeled volume across the entire size range. Indeed, there was no difference in the allometric slopes (i.e. slopes were parallel) for septal and modeled non-deviated volumes, indicating that the differences in the size of these variables, relative to nasofacial size, were maintained during the facial growth period examined in our study.
The absence of an ontogenetic trend in nasal septal deviation in our sample suggests that key changes in discordant growth between the nasal septum and surrounding facial skeleton likely occur early in ontogeny (i.e. prior to 7 years of age). Previous researchers have documented early developmental variation in septal deviation during prenatal and early postnatal development (Gray et al. 1982; Alpini et al. 1986; Gray, 1978; Takahashi, 1987; Kent et al. 1988) .
Similarly, in an analysis of developmental variation in the frequency of septal deviation, Yildirim & Okur (2003) found that while 16.5% of subjects in their study presented with a deviated septum by 4-6 years of age, the frequency increased to 38.7% in their 7-to 12-year sample and was maintained through later development. This is broadly consistent with our results and suggests that the absence of ontogenetic changes in septal deviation in our sample may be due to our inability to include subjects from younger age groups. Despite these results, however, other studies have documented ontogenetic increases in deviation throughout the facial growth period. Subari c and Mladina (2002), for example, found that the total frequency of deviation increased between their 7-14 and 15-to 18-year age groups. Similarly, Haapaniemi et al. (1995) noted that an increase in the number of subjects with a clinical diagnosis of septal deviation increased with age from 7 to approximately 14 years of age. While variation in the development of septal deviation across studies underscores the complex dynamics that likely affect coordinated growth between the septum and surrounding facial skeleton, it is important to note that at least part of the variation in results across studies may stem from the lack of a standardized method for measuring nasal septal deviation. Methods utilized in previous studies include functionally derived approaches (e.g. rhinomanometry, nasal sound spectral analysis) that assess nasal airway patency (Freng et al. 1988; Aziz et al. 2014) , as well as qualitative approaches that treat deviation as a categorical character state (e.g. Gray, 1978; Takahashi, 1987; Song et al. 1999; Subari c & Mladina 2002) . As such, although comparing results across studies may be informative with regard to understanding the developmental dynamics associated with septal deviation, it is worth noting that at least some of the variation in ontogenetic patterning across different studies may be due to methodological differences in the characterization of nasal septal deviation.
Although we were unable to demonstrate an ontogenetic increase in septal deviation in our sample, it is possible that the magnitude of deviation increases beyond the facial growth period examined in the present study. While nasal septal deviation remained more or less constant across age groups in our sample of individuals ranging from 7 to 18 years of age, the magnitude of deviation was relatively low when compared with the adult sample studied by Holton et al. (2012) . Using the same methodology as in the present study, Holton et al. (2012) found an average deviation value of 149% for subjects of European descent in their analysis, who ranged in age from 19 to 70 years. The difference in the magnitude of deviation between the studies may suggest that there are morphological changes in the nasal septum that continue through adulthood, resulting in an increase in septal deviation following skeletal growth cessation. Vetter et al. (1984a,b) , for example, found that interstitial growth of the human nasal septal cartilage continues well into adulthood, i.e. through the fourth decade. Similarly, Van Loosen et al. (1996) documented in a cross-sectional human sample that nasal septal growth continues through the third decade due to continued expansion of the perpendicular plate of the ethmoid via endochondral ossification of the nasal septal cartilage. Ultimately, this suggests that while there may be similar growth trajectories between the septum and surrounding nasofacial skeleton from 7 to 18 years of age, as evidenced by the maintenance of deviation magnitude, continued septal growth may contribute to greater magnitudes of septal deviation once the surrounding nasofacial skeleton has completed growing.
As with the magnitude of nasal septal deviation, our results suggest that morphological covariation between the septum and nasofacial skeleton is also established by at least 7 years of age. Based on our multivariate regression analysis, we found that septal deviation was associated with variation in the region of the sphenoid body. Specifically, as the magnitude of septal deviation increased, the inferior aspect of the anterior sphenoid body was displaced anteriorly. This pattern differed from allometric variation in the nasofacial region (e.g., variation in nasal projection and the relative dimensions of the anterior cranial base) which reflected normal ontogenetic changes that have been reported elsewhere (e.g. Enlow, 1990; Bastir et al. 2006; Bulygina et al. 2006; Holton et al. 2016) . The non-allometric nature of the relationship between septal deviation and nasofacial form indicates that this pattern of covariation is established by at least 7-8 years of age and is consistent with the growth-independent pattern of variation in septal deviation magnitude present in our sample. Based on our results, however, we cannot rule out the possibility of other allometric effects on septal deviation.
The specific pattern of morphological covariation between septal deviation and nasofacial shape suggests that the developmental interaction between different chondrocranial derivatives potentially has an influence on the magnitude of discrepant growth between the nasal septum and surrounding nasofacial skeleton. Indeed, the coordinate landmarks we selected to represent the anterior sphenoid body correspond to the region of the sphenoethmoidal synchondrosis (SES), a key midline cranial base growth center that also serves as the articulation between the sphenoid body and ethmoid. During fetal development of the chondrocranium, the cartilaginous precursor of the presumptive anterior sphenoid body, i.e. the presphenoid, is developmentally continuous with the perpendicular plate of the ethmoid (e.g. Scott, 1953; Lieberman et al. 2000; Wealthall & Herring, 2006) . As such, there is a close developmental relationship between the anterior sphenoid body and nasal septum that is established during prenatal ontogeny. This relationship continues through postnatal development, as the intervening cartilaginous growth plate of the SES remains an active center of midline cranial base growth until approximately 6-8 years of age (e.g. Scott, 1958; Michejda, 1972; Lieberman et al. 2000) .
Importantly, whereas the inferior aspect of the sphenoid body was correlated with the magnitude of septal deviation, the morphology of the superior aspect of the anterior sphenoid body varied independently resulting in variation in the orientation of the anterior sphenoid. This pattern potentially stems from the significant variability in fetal development of the anterior sphenoid region as a result of variation in the size and timing of ossification of presphenoid ossification centers (Kodama, 1976) . Ossification in this region begins during the 4th or 5th month of fetal development (Scott, 1958; Kodama, 1976; Nemzek et al. 2000; Jeffery & Spoor, 2004) and is associated with non-allometric morphological variation in the midline fetal cranial base (Jeffery & Spoor, 2004) . To the extent that synchondroseal orientation reflects variation in the direction of endochondral growth in midline chondrocranial structures, individuals with increased magnitudes of septal deviation potentially exhibit an anterior vector of synchondroseal growth, in contrast to an anterior-inferior vector in less deviated subjects.
Despite the homogeneity of our sample with regard to population affinity, our results are broadly consistent with the pattern of covariation between septal deviation and midline cranial base morphology documented across adult samples representing a wider range of population variation. Holton et al. (2012) found that European-derived subjects, with large, deviated septa, exhibited a dorsal rotation of the midline cranial base, including the anterior region of the sphenoid, which is associated with a larger pattern of variation in midline cranial base orientation (Kuroe et al. 2004; Rosas et al. 2008) . This was in contrast to Africanderived subjects who were characterized by smaller, less deviated septa and a more ventrally rotated anterior sphenoid. While other factors, such as variation in facial length may also influence septal deviation across European-and African-derived samples, these results are consistent with the present study and further highlight the potential importance of anterior sphenoid shape as a contributing influence to septal deviation.
Conclusions
Our results suggest that the magnitude of nasal septal deviation and the morphological relationship between septal deviation and the anterior sphenoid body are established by approximately 7 years of age and are maintained throughout ontogeny. Accordingly, midline cranial base components, which, due to early growth cessation impose morphological constraints on craniofacial morphology (Moss & Young, 1960; Enlow, 1990; Ross & Ravosa, 1993; Lieberman et al. 2000 Lieberman et al. , 2008 McCarthy & Lieberman, 2001; Bastir et al. 2006; Rosas et al. 2008) , may also impose constraints on the developing septum. Despite the potential importance of this relationship, however, morphological variation in the anterior sphenoid body is only one of many aspects of nasofacial skeletal architecture that contributes to deviated patterns of septal growth. The fact that the subjects included in the present study were orthodontic patients with no apparent airway restrictions, suggests that magnitude of deviation (and thus the level of discordant growth between the nasal septum and surrounding nasofacial skeleton) was in all likelihood relatively minor. In contrast, subjects clinically diagnosed with nasal airway obstruction resulting from septal deviation can exhibit a reduction in nasal cavity size with respect to both sagittal and vertical nasal skeletal dimensions (Freng et al. 1988 ). As such, in cases of more extreme septal deviation, it is likely that other aspects of the nasofacial region may impose morphological constraints on the expanding septum during development. Studying the ontogeny of septal deviation in subjects in more extreme cases is critical to determine the relative importance of midline cranial base morphology vs. other contributing factors to normal and aberrant interaction between the nasal septum and surrounding nasofacial skeleton.
